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a b s t r a c t
Sensory trigeminal growth cones innervate the cornea in a coordinated fashion during embryonic
development. Polysialic acid (polySia) is known for its important roles during nerve development and
regeneration. The purpose of this work is to determine whether polySia, present in developing eyefronts
and on the surface of sensory nerves, may provide guidance cues to nerves during corneal innervation.
Expression and localization of polySia in embryonic day (E)5–14 chick eyefronts and E9 trigeminal
ganglia were identiﬁed using Western blotting and immunostaining. Effects of polySia removal on
trigeminal nerve growth behavior were determined in vivo, using exogenous endoneuraminidase
(endoN) treatments to remove polySia substrates during chick cornea development, and in vitro, using
neuronal explant cultures. PolySia substrates, made by the physical adsorption of colominic acid to a
surface coated with poly-D-lysine (PDL), were used as a model to investigate functions of the polySia
expressed in axonal environments. PolySia was localized within developing eyefronts and on trigeminal
sensory nerves. Distributions of PolySia in corneas and pericorneal regions are developmentally
regulated. PolySia removal caused defasciculation of the limbal nerve trunk in vivo from E7 to E10.
Removal of polySia on trigeminal neurites inhibited neurite outgrowth and caused axon defasciculation,
but did not affect Neural Cell Adhesion Molecule (NCAM) expression or Schwann cell migration in vitro.
PolySia substrates in vitro inhibited outgrowth of trigeminal neurites and promoted their fasciculation. In
conclusion, polySia is localized on corneal nerves and in their targeting environment during early
developing stages of chick embryos. PolySias promote fasciculation of trigeminal axons in vivo and
in vitro, whereas, in contrast, their removal promotes defasciculation.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Polysialic acid (polySia) is a linear, highly negatively charged,
hydrophilic polymer mostly formed through α2,8-linked sialic acid
residues. In vertebrates, polySia is associated with a limited number of
proteins, including neural cell adhesion molecule (NCAM), synaptic
cell adhesion molecule (SyCAM), Neuropilin-2, CD 36 in human milk,
ﬁsh egg polysialoglycoprotein, a voltage-gated sodium channel of eel,
and ﬂagellasialin (Rollenhagen et al., 2007; Curreli et al., 2007; Yabe
et al., 2003; Sato et al., 1993; James and Agnew 1989; Miyata et al.,
2006; Kitajima et al., 1988; Iwasaki et al., 1990). Among those proteins,
NCAM is the most well-characterized polysialylated protein in the
nervous system (Muhlenhoff et al., 2009; Hildebrandt et al., 2007;
Gascon et al., 2007; Bonfanti, 2006; Hinsby et al., 2004; Zhou and
Zhou, 1996).
NCAM is expressed on virtually all vertebrate neurons and glia
(Greenberg et al., 1984). It regulates cell adhesion and neurite out-
growth by means of homophilic binding (NCAM self-binding). The
polysialylated NCAM form is mainly present in the embryonic nervous
system and decreases during development. Molecules of polySia can be
up to 400 residues long (Nakata and Troy, 2005). Presence of polySia on
NCAM can reduce its adhesive property (Fujimoto et al., 2001; Johnson
et al., 2005a,b). Thus, it is known as a negative regulator of the
homophilic interaction of NCAM. In this manner, polySia can affect
neural cell migration and differentiation during central nervous system
development by decreasing cell–cell interaction (Burgess et al., 2008;
Angata and Fukuda, 2010; Angata et al., 2007; Hu et al., 1996).
PolySia associated with the axon surface can regulate axon–axon
and axon–target interactions. During embryonic development, poly-
Sia is a regulator of axon fasciculation and branching, which are the
most important aspects of neuronal speciﬁcation (Rutishauser and
Landmesser 1991; Landmesser et al., 1990). PolySia can either
promote or inhibit neurite outgrowth, depending on the balance
between axon–axon and axon–substrate interactions (Acheson et al.,
1991; Doherty et al., 1990; Hrynkow et al., 1998; Seidenfaden et al.,
2006; Zhang et al., 1992; Burgess et al., 2007).
Due to its important functions during nervous system devel-
opment, most studies have focused on the polySia associated with
neural cells and on the surface of the axon. In addition, polySia is
present in non-neural tissues that become innervated during
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development, such as lungs, muscles, kidneys, stomach, heart, retina
tectum (Zhang et al., 1992; Yin et al., 1995; Filiz et al., 2002). Studies
show that polySia present within axon innervation target tissues
may also provide growth and guidance cues to incoming axonal
growth cones. For example, removal of polySia in the retina tectum
results in a moderate decline of axon outgrowth (Zhang et al., 1992)
and increased axon branching (Yin et al., 1995). Additionally, polySia
has been shown to be a biocompatible neuronal culture substrate
and a potential bioengineering material candidate for nerve regen-
eration (Haile et al., 2007, 2008; Bruns et al., 2007; Steinhaus et al.,
2010). Our previous work demonstrated the developmentally regu-
lated expression of NCAM and polySia in embryonic corneas coin-
cident with the timing of sensory innervation (Mao et al., 2012).
These ﬁndings raise the possibility that polySia on the surface of
NCAM may play a role in cornea innervation.
The cornea is the most densely innervated tissue on the surface of
the body (Muller et al., 2003). In the chick, corneal nerves are derived
from neural crest cells located in the ophthalmic lobe of the trigeminal
ganglion (Lwigale, 2001; Clarke and Bee, 1996; Lwigale and Bronner-
Fraser, 2007; Riley et al., 2001; Kubilus and Linsenmayer, 2009).
Trigeminal nerve axon fascicles reach the corneal periphery by
embryonic day (E) 5 (Bee et al., 1986). Initially, the axon bundles are
repelled from entering the cornea and remain deep in the limbal
mesenchyme for several days. During this period, trigeminal nerves
extend dorsally and ventrally around the corneal periphery into two
bundles of nerve ﬁbers to form a complete pericorneal nerve ring
(Bee et al., 1986; Schwend et al., 2012a,b). Beginning at E9, nerve ﬁbers
extend from the nerve ring and project exclusively into the anterior
corneal stroma, avoiding the posterior stroma. Once nerves enter the
anterior stroma they begin to branch/defasciculate and extend toward
the center of the cornea. By E12, neuronal growth cones project from
the stroma, penetrate the basement membrane and extend into the
corneal epithelium. By E18, the nerves complete the innervation of the
corneal epithelial surface from the periphery to the center. Several
neuronal guidance proteins in the cornea and lens, such as Sema-
phorin 3A and Slit2, are involved in these highly organized innervation
movements of the neuronal growth cones (Lwigale and Bronner-
Fraser 2007; Schwend et al., 2012a,b). Recent work by our group has
also shown that GAGs in the corneal stroma may further regulate this
innervation process (Schwend et al., 2012a,b). However, several
speciﬁc questions remain about the mechanisms controlling this
highly organized and speciﬁc innervation. For example, what mole-
cule(s) promote nerve fasciculation, or inhibit defasciculation, during
early stages of cornea innervation (E5–8), when the tight nerve
bundles are forming a limbal nerve ring around the cornea? Con-
versely, what molecule(s) promote defasciculation, or inhibit fascicula-
tion, during later stages of cornea innervation (E9–12), when nerve
ﬁbers extend from the nerve ring and project into the anterior stroma?
In the present study, we demonstrate the expression of polySia on
trigeminal sensory nerves and show its developmentally regulated
localization in corneal and pericorneal tissues. To test its function
during corneal sensory nerve development, polySia was removed
in vivo and in vitro. PolySia substrate was prepared and used as a
model to investigate the functions of the polySia expressed in the
axonal environment during trigeminal neuron outgrowth in vitro. The
results indicate that the presence of polySia on corneal sensory nerves
and in their environment, limbus and corneas, fosters axon fascicula-
tion, both in vivo and in vitro.
Methods
Chick embryo husbandry
Fertile White Leghorn chicken eggs used in this work were
all from a local hatchery (Manhattan, KS). The fertile chicken eggs
were incubated at 38 1C and 45% humidity from E0 to desired
stages.
Western blot analysis of polySia in trigeminal ganglia
Trigeminal ganglia from E9 chick embryos were dissected in
sterilized phosphate buffered saline (PBS) and snap frozen in liquid
nitrogen. They were then pooled and homogenized in Triton X-100
extraction buffer (25 mM HEPESþ150 mM NaClþ1 mM DTTþ0.5%
Triton X-100þ1 mM EDTA) containing protease inhibitors (Total
Protein Extraction Kit, EMD Millipore, Billerica, MA). The concentra-
tion of total protein was determined using a BCA assay kit (BCA
Protein Assay Kit; Pierce, Rockford, IL). The extracted total protein
solution was divided into two portions of 40 μg. One portion was
digested using endo-neuraminidase (endoN) (ABC Scientiﬁc, Ontario,
CA) at 37 1C overnight, while the other portion, treated under the
same conditions but lacking endoN, served as a control. Untreated
protein or endoN-treated total protein (20 μg) were subjected to
Western blotting analysis using antibodies against the extracellular
domain of NCAM (5e, 1:1000; Developmental Studies Hybridoma
Bank at the University of Iowa, Iowa City, IA) or against polySia (2-2B,
1:500; Millipore, Billerica, MA) in a blocking solution (10 mM Tris pH
7.4 þ100 mM NaClþ0.1% Tween-20þ5% non-fat milk).
Immunostaining for polySia in corneas and trigeminal ganglia
Localization of polySia was performed using immunoﬂuorescence
staining on the corneal sections of E5, E7, E9, E11 and E14 embryos or
E9 trigeminal ganglion sections. Entire hemispheres, containing the
cornea, from eyeballs of embryonic chicks or trigeminal ganglia were
excised, washed using PBS and embedded in OCT. Sections were cut
at –20 1C using a cryostat (OTF; Hacker-Bright, Fairﬁeld, NJ), mounted
on slides (Fisherbrand Superfrost Plus, Pittsburgh, PA) and stored at –
80 1C until used. The sections were ﬁxed in cold acetone at 20 1C
for 15 min, washed twice with PBS containing 0.1% Triton X-100
(PBST) for 5 min and then blocked in an immunostaining block
solution (PBSTþ10% goat serumþ1% bovine serum albumin). PolySia
was detected using anti-polySia antibody (2-2B, Millipore, Billerica,
MA) diluted to 1:200, and a secondary antibody Alexa Fluor 546 goat
anti-mouse IgM (1:200, Invitrogen, Grand Island, NY). NCAM was
localized using anti-NCAM extracellular domain (5e, 1:200) and a
secondary antibody Alexa Fluor 488 goat anti-mouse IgG1 (Invitro-
gen, Grand Island, NY). Negative controls were performed for each
immunoﬂuorescence staining with absence of primary antibody and
showed absence of staining. Nuclei were visualized by a 30 minute
(min) incubation in DAPI solution (1:100 in PBS, Lonza, Allendale, NJ).
The stained sections were photographed using a Zeiss LSM 700
confocal microscope. This microscope was used in the following
experiments unless stated otherwise.
Trigeminal ganglion explants and cell culture
Trigeminal ganglia were dissected from embryos of desired
developmental stages into sterile Howard Ringer's saline solution
(7.2 g NaCl, 0.23 g CaCl2 2H2O, 0.37 g KCl in 1 l distilled water,
pH 7.3). The ganglion proximal region was cut into tissue explants
using a tungsten needle (Fine Science Tools, Foster City, CA). The
explants were put in 4-well chamber slides (Lab-Tek, 4-well)
containing tissue culture media (Opti-MEM, Gibco, Carlsbad, CA)
supplemented with 10% fetal bovine serum, 100 units penicillin,
0.1 mg/mL streptomycin (Sigma, St. Louis, MO) and 25 ng/mL nerve
growth factor (NGF) (Sigma, St. Louis, MO) to support neurogenesis
speciﬁcally of the neural crest-derived cells of the trigeminal
explants (Lwigale and Bronner-Fraser, 2007; Dillon et al., 2004).
Unless stated otherwise, the chamber slides were coated with
100 μg/mL poly-D-lysine (PDL, 70,000–150,000 KD; Sigma, St. Louis,
X. Mao et al. / Developmental Biology 398 (2015) 193–205194
MO) overnight at 4 1C followed by three water rinses. The slide
surfaces were further coated with 25 μg/mL laminin (Sigma,
St. Louis, MO.) for 4–6 h at room temperature to support neuronal
adhesion and outgrowth. The trigeminal explants were cultured in a
humidiﬁed CO2 tissue culture incubator at 37 1C for 48–72 hours (h).
Dissociation of trigeminal explants into single cells was achieved
using trypsin digestion. Brieﬂy, trigeminal explants were dissected in
Hank's Balanced Salt Solution (HBSS, Gibco, Carlsbad, CA), pooled
and incubated in 1 mL 0.125% trypsin–EDTA solution (Sigma,
St. Louis, MO) at 37 1C for 20 min. After the incubation, 1 mL Opti-
MEM culture medium was added to dilute the enzyme. Trigeminal
cells were released further by gently dispersing the ganglia using
culture medium from a glass pipette. Enzyme was further removed
by washing cells three times with culture medium in the absence of
NGF and centrifuged at 300g. The released cells were diluted to
2104 cells/mL with Opti-MEM culture medium with NGF. One
milliliter cell solution (2104 cells) was added into each chamber of
a PDL/laminin-coated chamber slide and cultured for 18 h in the CO2
incubator.
Effects of polySia removal on trigeminal neurite outgrowth, axon
fasciculation and Schwann cell migration
To examine the effect of polySia removal from the surface of
trigeminal neurons and their neuronal projections on neurite
growth cone behavior, polySia was removed using endoN digestion
in vitro. E9 trigeminal explants were dissected and put in two tissue
culture chamber wells as described above. One unit of endoN was
added to one of the chamber wells before putting the chamber into
a CO2 incubator for culturing. The other one did not contain endoN
and served as a control. After a 72 h incubation period, trigeminal
explants were ﬁxed using 4% paraformaldehyde (PFA) for 30 min at
room temperature. Neurites were visualized by immunostaining of
neuron-speciﬁc class III β-tubulin with antibody Tuj1 (R & D
systems, Minneapolis, MN) and a secondary antibody Alexa ﬂuor
488 IgG2a. Removal of polySia was determined by immunostaining
for polySia using anti-polySia antibody diluted to 1:200 (Millipore)
and Alexa ﬂuor 546 goat-anti-mouse IgM (Invitrogen, Grand Island,
NY). Another set of explants, cultured in either presence or absence
of endoN, were double-immunostained for a Schwann cell marker
and polySia. Schwann cells were immunodetected using a rabbit
polycolonal S-100 protein antibody (1:200, Vector, Burlingame, CA)
and a secondary antibody Alexa ﬂuor 488 goat-anti-rabbit IgG
(Invitrogen, Grand Island, NY). Nuclei were visualized by DAPI
staining. To further test if polySia removal affected the expression
of NCAM polypeptide chain, a third set of explants were cultured
and stained for polySia and NCAM using antibodies as
described above.
Single trigeminal cells were used to further test the effect of
polySia removal on trigeminal neurite outgrowth. E9 trigeminal
cells were collected and cultured in the medium containing NGF for
18 h with or without endoN in culture media. The neurites derived
from trigeminal cell bodies were stained using Tuj1 antibody and
visualized using Alexa ﬂuor 546 goat-anti-mouse IgG2a (Invitrogen,
Grand Island, NY). Removal of polySia was conﬁrmed by further
staining for polySia using anti-polySia antibody and goat-anti-
mouse Alexa Fluor 488 IgM (Invitrogen, Grand Island, NY). Nuclei
were detected by DAPI staining. The lengths of neurons were
measured using Simple Neurite Tracker in Fiji (http://ﬁji.sc/Fiji).
Trigeminal ganglion contains both neural crest and placodal cells
(Lwigale, 2001; Covell and Noden, 1989) and both are immunor-
eactive to Tuj1 (Molea et al., 1999). The neurotrophic factor used in
this work was NGF, which exclusively supports the neurogenesis of
neural crest-derived cells that extend their neuritic projections into
corneas (Lwigale, 2001; Lwigale and Bronner-Fraser, 2007; Lindsay
et al., 1985; Lindsay and Rohrer, 1985; Barde et al., 1980). Thus, each
culture chamber contained the same numbers of neural crest and
placodal cells, but only the neural crest-derived cells were stimulated
by the NGF to extend neurites. For this reason, neural cell survival rate
was deﬁned as the percentage of neurons that extended neurite
projections longer than 50 μm (neural crest-derived cells) out of the
total population of Tuj1-positive cells (neural crest and placode-derived
cells). The longest neurite of each neuron was measured and the
lengths were reported in separate categories of 50 μm increments
ranging from 50 μm to 300 μm (i.e., 50–100 μm, 101–150 μm,
151–200 μm, 201–250 μm and 251–300 μm). Neurites longer than
300 μm were reported in a single category. All data points were rep-
eated at least three times. The neurite outgrowth was determined by
the neural cell survival rate and the length distribution of the neurites.
Assay of trigeminal neurite behavior on polySia substrates
A polySia substrate on the surface of the chamber slides was
made with colominic acid, a polymer of N-acetylneuraminic acid,
(Sigma, St. Louis, MO), as follows: a mixture of laminin (25 μg/mL)
and colominic acid (20 μg/mL) was applied on the PDL-coated
surface and allowed to adsorb to the slide surface at room tempera-
ture for 4 h. Slides coated with laminin only were used as a control.
Chamber slides were washed three times with sterile water. One
milliliter of trigeminal cells (2104 total cells) in NGF-containing
Opti-MEMmediumwas added to the chamber and cultured for 18 h.
Following the culture period, the neurons were ﬁxed in 4% PFA
solution for 15 min at room temperature and stained using antibody
Tuj1. Images were captured with a Leica MZ16F epiﬂuorescence
microscope equipped with a Leica DFC 320 digital camera. Neural
cell survival rate and length distribution of neurites were deter-
mined using the identical methods as described above.
PolySia spots on culture chamber slide surfaces were prepared as
previously reported (Schwend et al., 2012a,b) with minor modiﬁca-
tion. Two microliters of colominic acid solution (20 μg/mL in water)
were deposited on the PDL-coated slides, forming a 3 mm spot.
Colominic acid was allowed to adsorb to the slide surface in a
humidiﬁed chamber at 4 1C for 2 days. The position of each
colominic acid spot was labeled with a marker pen on the back of
chamber slide. The chamber slides were washed three times with
sterile water to remove any unbound colominic acid. A water spot
was used as a negative control. Prior to trigeminal explant culture,
the entire surface of the chamber slide was further coated with
laminin (25 μg/mL in water) for 4 h at room temperature, resulting
in a homogenous layer of laminin on the slide surface, covering
those areas not already coated with the colominic acid polymers. To
quantify the preferences of neurite processes as they encountered
the polySia substrate in neurite guidance spot assays, trigeminal
explants were placed adjacent to a polySia spot as shown in Fig. 9
and cultured as described above for 72 h. The neurites then were
ﬁxed in 4% PFA solution at room temperature for 30 min and stained
with antibody Tuj1. The images were captured using an epiﬂuores-
cence microscope (Leica MZ16F, Leica Microsystems GmbH).
Removal of polySia in vivo
Chick embryos were cultured ex-ovo starting at E3 (Dohle et al.,
2009; Yalcin et al., 2010). Brieﬂy, fertile White Leghorn chicken
eggs were removed from the incubator after 72 h incubation and
sterilized by wiping the egg shell surface with 70% ethanol. Each
yolk, with the embryo as well as albumin, was transferred into a
100 mm sterile tissue culture dish. The embryo should be posi-
tioned on the top of the egg yolk. One hundred microliters of
Penicillin-Streptomycin solution (Sigma, St. Louis, MO) was added
into the egg white. Dishes containing embryos were further
incubated at 37 1C in a humidiﬁed incubator for 48 h until
development reached desired stages (E5, E7 and E8). A total
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volume of 0.5 μL endoN (0.7 Unit) was injected into the anterior
chamber of the eyeball facing upward (“front eyeball”), with a
glass capillary tube connected to microinjection syringe (that
injection location was conﬁrmed by co-injection of 0.5 μL 1%
Dil solution into the anterior chamber). The other eye was not
injected and served as a negative control. The injection of 0.5 μL
saline into the anterior chamber of E5 eyeball caused no effect on
the corneal nerve invasion from E5 to E7 (data not shown here).
Each embryo was further incubated for another 48 h in the
incubator, to E7, E9 or E10. The front eyeball hemisphere was
dissected from both eyes and ﬁxed with 4% PFA overnight at 4 1C.
The ﬁxed front eyes were washed using PBST, blocked in the
immunostaining block solution for 1 h at room temperature. Corneal
and pericorneal nerves were stained using 5 μg/mL antibody Tuj1
and a secondary antibody Alexa Fluor 546 goat anti-mouse IgG2a
(Invitrogen) diluted to 1:200. The whole mount staining was
photographed using the MZ16F epiﬂuorescence microscope.
To test if the endoN injected was able to remove polySia under
conditions in vivo, the ﬁxed, Tuji-stained E7 corneas were cyropro-
tected by incubation in 5%, 15% and 30% sucrose, applied sequen-
tially. The corneas were then embedded in OCT and sectioned for
polySia staining. Prior to staining, the cornea sections were sub-
jected to antigen retrieval using 1 mM EDTAþ0.05% Tween 20 (pH
8.0) at 95 1C for 5 min. Sections were immunostained with anti-
polySia antibody (1:200) and a secondary antibody Alexa Fluor 488
goat anti-mouse IgM (1:200).
Results
Expression of polySia in chick embryonic trigeminal ganglia
We previously reported that both polySia and NCAM are localized
on embryonic trigeminal nerves in vitro and in vivo (Mao et al., 2012).
Corneal sensory nerves are derived from the neural crest-derived
neuronal cell bodies residing in the ophthalmic lobe of the trigeminal
ganglion (Lwigale, 2001). To test if the NCAM on corneal sensory
nerves is polysialylated, Western blotting analysis was conducted on
E9 trigeminal ganglia with the antibodies to detect both polySia
chains and NCAM. The analysis revealed a band of 250 kDa for both
NCAM and polySia (Fig. 1A, lanes 1 and 3). After endoN digestion, to
speciﬁcally remove polySia chains (see lane 2) (Vimr et al., 1984), the
NCAM band shifted to 180 kDa (lane 4). This indicates that NCAM-
180 is the only NCAM isoform expressed on trigeminal neurons and
it is polysialylated. Next, immunoﬂuorescence staining (Fig. 1B)
showed that both NCAM and polySia are localized within the
ophthalmic branch from which corneal sensory nerves are derived.
This indicates that corneal sensory nerves are polysialylated.
Expression of polySia in corneal and pericorneal tissues
In our present work, we have demonstrated that polySia and
polysialyated NCAM-180 are localized on the surface of trigeminal
neurons. We have previously reported that polySia can be detected
on multiple NCAM isoforms and other proteins in the embryonic
corneal and pericorneal tissues (Mao et al., 2012). In order to
better determine the spatiotemporal localization patterns of poly-
Sia in the developing eyeﬁeld during stages of corneal innervation,
polySia immunoﬂuoresence staining was carried out in corneal
and pericorneal tissues. Analysis was initiated at E5, a timepoint
when the cornea is comprised only of a primary stroma underlying
an epithelial layer (Hay and Revel, 1969). At E5, the trigeminal
sensory growth cones have just reached the edge of the cornea in
the developing eyeﬁeld (Bee, 1982). At this developmental stage,
both polySia and NCAM are expressed in the limbal mesenchyme
and in the corneal stroma and epithelium (Fig. 2A, F, K and P).
Later, at E6-8, nerve growth cones are inhibited from entering the
cornea, yet they stay close to the corneal edge, possibly due to
unidentiﬁed positive attractants in the corneal stroma, thus
eventually forming a pericorneal nerve ring within the limbal
tissues that surrounds the cornea (Bee et al., 1986). Starting at E7,
polySia becomes mainly localized within the anterior stroma,
while NCAM expression is more widespread and could be detected
in each cell layer of the cornea (Fig. 2B, G, L and Q). At this
developmental state, both polySia and NCAM are still strongly
expressed in limbal mesenchyme. This polySia expression pattern
Fig. 1. NCAM and polySia expressed in E9 chick embryonic trigeminal ganglia. Western blotting analysis of proteins extracted from E9 trigeminal ganglia showed a band at
250 kDa for both polySia (A, lane 1) and NCAM (A, lane 3). After endoN treatment, blotting showed no staining for polySia (A, lane 2), and the band for NCAM shifted to
180 kDa (A, lane 4). These data indicate the presence of polySia and NCAM in trigeminal ganglion (TG) and only one NCAM isoform, NCAM-180, expressed in TG.
(B) Immunostaining for polySia (red), NCAM (green) and nuclei/DAPI (blue) in E7 trigeminal ganglion. Both polySia and NCAM are expressed on cell bodies and trigeminal
neurites.
X. Mao et al. / Developmental Biology 398 (2015) 193–205196
lasts until E9 (Fig. 2C, H, M and R), at which time the nerves from the
pericorneal ring project into the anterior stroma. Later, at E11, when
nerves are actively passing through the anterior stroma, the expres-
sions of both polySia and NCAM have diminished in the anterior
stroma (Fig. 2D, I, N and S). Also, at this stage, NCAM expression
shifted to the posterior stroma as reported previously (Mao et al.,
2012). Additionally, in the E11 section, antibodies to both polySia
and NCAM label a nerve (arrows in Fig. 2D, I, N and S), which is
consistent with our previous report that both polySia and NCAM are
localized on corneal sensory nerves (Mao et al., 2012). Finally, at E14,
when the corneal sensory nerve growth cones project into the
epithelium, both NCAM and polySia expression are signiﬁcantly
reduced in limbal mesenchyme (Fig. 2E, J, O and T). In full, at all
stages examined from E5 to E14, large amounts of polySia and
NCAM are expressed in the limbal mesenchyme where pericorneal
nerve ring is formed (Fig. 3). PolySia is highly expressed in cornea at
early developmental stages from E5 to E7 and is reduced by E9
when the trigeminal growth cones project into the cornea.
PolySia removal in the developing eyeﬁeld results in a disorganized
pericorneal nerve ring characterized by decreased fasciculation
To determine if the presence of polySia affects corneal sensory
nerve development, we tested whether polySia removal could
inﬂuence cornea innervation in vivo. To achieve this, endoN was
injected into the anterior chamber of one eyeball of E5, E7 and E8
embryos. The opposite eye of the same embryo was not injected
and served as a control. The injection position was conﬁrmed by
co-injection of the lineage tracer, Dil, as shown in Fig. 4A (red).
EndoN-treated and control corneas were harvested after a 48 h
incubation, ﬁxed and stained for neuron-speciﬁc class III β-tubulin
to reveal axon growth behavior. The removal of polySia using endoN
in vivo was conﬁrmed by immunostaining for polySia on the
sections of control and endoN-treated E7 corneas (Fig. 4D vs. E).
Control corneas were immunoreactive for polySia (Fig. 4D), whereas
endoN-treated corneas showed much weaker staining for polySia
(Fig. 4E). In addition to the limbus and corneal tissues, polySia
staining of the nerves also was weaker after endoN digestion
(arrows in Fig. 4D and E). Note: the anti-polySia antibody is not as
sensitive to its epitope in parafﬁn-ﬁxed tissue as it is in frozen
tissue. Immunostaining on these sections was weaker, even after
the EDTA antigen retrieval, than in frozen corneal sections (Fig. 2G).
Prior to E7, trigeminal nerve axons extend in a single bundle of
nerves comprised of many tight fascicles from the trigeminal gang-
lion to the cornea, reaching the corneal periphery by E5 (Lwigale
and Bronner-Fraser, 2007; Bee 1982). Initially, the neuronal growth
cones behave as though they are repelled from entering the cornea.
The incoming bundle of nerves bifurcates into two separate nerve
Fig. 2. Distribution of polySia and NCAM in the eye, including cornea (CO) during the early embryonic development stages of E5, E7, E9, E11 and E14. Sections were stained
for polySia (red) using anti-polySia antibody, NCAM (green) using anti-NCAM extracellular domain and nuclei (blue). From E5 to E7, both NCAM and polySia are distributed in
the limbus and all layers of corneas (E5: A, F, K and P; E7: B, G, L and Q). At E9, polySia was localized in limbus and anterior stroma (H, M and R) and shift to posterior stroma
by E11 (I). A nerve was labeled with both polySia and NCAM antibody (white arrows in D, I, N and S). At E14, both polySia and NCAM expressions are signiﬁcantly reduced in
limbus mesenchyme (E, J, O and T). CO, cornea; lm, limbus.
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Fig. 3. The pericorneal nerve ring is located in the limbus of E7 (A) and E9 (B) eyes. The nerves start to invade the cornea on E9 (C). The corresponding phase contrast images
are shown in (D)–(F), revealing the melanocytes of the iris. The sections were stained for nucleii with DAPI (blue) and for nerves with antibodies to β-tubulin (red).
Fig. 4. Removal of polySia in vivo caused axon defasciculation in peripheral cornea during early embryonic development. EndoN was injected into the anterior chamber of
one eye of E5, E7 and E8 embryos cultured ex ovo (n¼5). (A) The injection site (white arrow) was conﬁrmed by co-injecting 0.5 μL 1% Dil solution into the anterior chamber
(red). The other eye served as a non-injected control. Embryos then were incubated for an additional 48 h, to E7, E9 and E10 respectively. The front half of each eye was then
excised, ﬁxed in 4% paraformaldehyde and stained for neuron-speciﬁc class III β-tubulin (red). (B) In control eyes, a tightly fasciculated (white arrows) pericorneal nerve ring
encircled 3/4 of the corneal periphery by E7. (C) Removal of polySia using endoN caused defasciculation (white arrows) of the pericorneal nerve ring, but did not affect the
extent of encirclement signiﬁcantly. Control corneas and endoN-treated corneas were sectioned and underwent antigen/epitope retrieval treatment using EDTA. (D and E)
Subsequent immunostaining for polySia (green) indicates that the injected endoN removed polySia in both cornea and pericorneal regions. Nerves in the limbal nerve ring
are polySia-positive (white arrow in D); such reactivity is notably absent from endoN-treated sections (white arrow in E). Nerve ring was formed by E9 (F) and showed
defasciculation in endoN-treated cornea (G). The growth cones extended from the nerve ring and advanced one-third of the way toward the center by E10 (H). In the endoN-
treated E10 cornea (I), the never fascicles, where the corneal growth cones were derived, was dissociated from the nerve ring bundle and tended to be attracted towards the
cornea (J vs. K). The axonal in-growth was not signiﬁcantly delayed in the endoN-treated E10 cornea (L vs. M). (J) and (K) are the zoom-in images of zone 1 in (H) and (I),
respectively. (L) and (M) are the zoom-in images of zone 2 in (H) and (I), respectively.
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bundles that extend both dorsally and ventrally around the periph-
ery of the cornea (Lwigale and Bronner-Fraser, 2007; Bee 1982).
In the E7 control cornea, a regular pattern of nerve bundles and
bifurcations forms a dense region of the nerve ring on both the
dorsal and ventral side of the eye, resulting in two major nerve
bundles (arrows in Fig. 4B). Such bundles and bifurcation positions
are found in very reproducible patterns (Bee et al., 1986). In the
endoN-treated cornea (Fig. 4C), a pericorneal nerve ring formed;
however, the nerve bundles associated with the nerve ring were
more disorganized/less fasciculated than controls. Rather than
remaining tightly associated with two main nerve bundles, nerve
bundles on both the dorsal and ventral side of cornea showed a
dispersed pattern and grew separately around the cornea. Similar
changes were found in the E9 endoN-treated eyeballs when a
complete nerve ring was formed and the growth cones started
projection into the cornea (arrows in Fig. 4F vs. G). The effect of
polySia removal on the axon extending in the cornea was also
investigated with E10 embryo (Fig. 4H vs. I). In the control cornea,
the growth cones extended from the nerve ring along all radii
toward the center of the cornea, advancing one-third of the way
toward the center (Fig. 4H). In the endoN-treated E10 cornea
(Fig. 4I), the nerve ring was formed but in a disorganized pattern.
The nerve fascicles around the cornea was dissociated from the
nerve ring and tended to be attracted towards the center of cornea
instead of growing along the nerve ring (arrows in Fig. 4J vs. K). It is
clear that axonal in-growth into the cornea occurred and was not
signiﬁcantly delayed following endoN treatment (Fig. 4L vs. M). In
summary, polySia removal in vivo led to a more disorganized
pericorneal nerve ring, reﬂecting an inhibition of fasciculation, i.e.,
increased defasciculation/branching.
Fig. 5. PolySia removal inhibits trigeminal ganglion neurite outgrowth. Individual trigeminal cells were cultured in absence (A–D) or in the presence (E–H) of endoN in
culture medium containing NGF. Following ﬁxation, trigeminal neurites were visualized using antibody Tuj1 and secondary antibody Alex Fluor 546 IgG2a (red). Nuclei were
visualized with DAPI staining (blue). Trigeminal ganglion contains two major cell populations, neural crest-derived and placode-derived. Only neural crest-derived neurons
are stimulated to extend neurites in the presence of NGF (Lwigale and Bronner-Fraser, 2007; Dillon et al., 2004). The removal of polySia by endoN was conﬁrmed by
immunostaining for polySia using anti-polySia antibody and a secondary antibody Alexa ﬂuor 488 IgM (green). PolySia is expressed on cell body and neurite (B) and endoN
removed polySia (F) from both regions. The lengths of 200 neurites were measured using Simple Neurite Tracker and only neurites longer than 50 μm were counted.
Numbers of neurites were counted in the length ranges from 50 μmwith an increment of 50 to 300 μm. Survival rate of neural crest-derived neurons decreased from 4673%
to 3571% (n¼4) in the presence of endoN (I). Percentage of neurites in each length range in normal controls and in response to polySia removal is shown in (J). The numbers
of neurites in each length range in response to polySia removal is indicated in (K). Neurite number increased from 2975% to 5178% (n¼4) in range of 50–100 μm and
decreased in the length range over 150 μm.
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Removal of polySia from the surface of trigeminal neurons decreases
neuronal survival and inhibits neurite outgrowth and axon
fasciculation in vitro
To further explore the role of polySia during corneal innervation,
the effect of polySia removal on trigeminal neuron outgrowth and
fasciculation was examined using in vitro single neuronal cell culture.
Single neuron culture excludes the effects caused by axon–axon
interactions and provides a simple way to study neurite outgrowth
in vitro (Zhang et al., 1992). Trigeminal neuronal cells expressed
neural speciﬁc class III β-tubulin and polySia in vitro under normal
conditions (Fig. 5A and B). Addition of endoN to the culture media
was sufﬁcient to remove polySia from the surface of trigeminal
neuronal cell bodies and their neurite projections, which showed an
absence of immuno reactivity for polySia in the presence of endoN
(Fig. 5F). The antibody used for polySia immunostaining in this study
has been shown to bind polySia chains with degrees of polymeriza-
tion over 10. This result indicates endoN was able to remove polySia
from the cell bodies and neurites completely in vitro. The removal of
polySia did not affect the expression of β-tubulin in trigeminal
neurons (Fig. 5E). Next, we sought to determine the inﬂuence of
polySia on neuronal cell survival and outgrowth. As shown in Fig. 5I,
4673% (n¼4) of neurons survived and extended neurite projections
under normal culture conditions. NGF was used in the culture to
exclusively support neurogenesis of neural crest-derived trigeminal
neurons, which are the speciﬁc subset of nerves that innervate the
cornea (Lwigale, 2001). After polySia removal, the rate of neuronal
survival and extension of neurite projections decreased from 4673%
(n¼4) to 3571% (n¼4) and those extending neurites following
polySia removal were predominately shorter than controls (Fig. 5J
and K). These data indicate that polySia removal inhibits neural crest-
derived neuroblast survival and neurite outgrowth in vitro.
To measure more precisely the effects of polySia on neurite
outgrowth, two hundred neurons were selected and, for each
neuron, the length of the longest neurite was measured under
normal conditions. Identical measurements were made on 200
neurites grown in the presence of endoN. The lengths of neurites
ranged from 50 μm to over 400 μm under normal conditions. The
broad length range makes it difﬁcult to compare the two sets of data
obtained under normal and endoN-treated conditions using mean
values and standard derivations. Therefore, to offset this, we
measured all neurite lengths for both treatment conditions and
then pooled the neurite lengths into six groups; 50–100 μm, 101–
150 μm, 151–200 μm, 201–250 μm, 251–300 μm and 4300 μm.
The statistical data show that the percentage of neurites with
lengths between 50 and 100 μm increases from 2975% to 5178%
(n¼4) after endoN digestion (Fig. 5J). The percentage of neurons
with lengths between 101 and 150 μm did not show signiﬁcant
change between endoN treatment and controls. The percentage of
neurons longer than 150 μm showed signiﬁcant declines after
endoN treatment. The percentage change of the numbers of neurites
in each length range is shown in Fig. 5K. In full, removal of polySia
on the axon surface limited the neurite outgrowth.
The effect polySia removal on the axon fasciculation in vitro was
examined by culturing trigeminal explants under normal culture
conditions in the presence of NGF and in the presence or absence of
endoN. Under normal conditions, polySia was present along the
axons (Fig. 6A and B). EndoN in the culture media was able to
remove the polySia during the 48 h culture period (Fig. 6D and E).
The degree of neurite fasciculation was reduced by culturing in the
presence of endoN (Fig. 6B control vs. E endoN). Over 67714%
(n¼4) of fascicles derived from trigeminal ganglia were thicker than
4 μm under normal conditions (polySia present) but only 39710%
(n¼4) of fascicles were thicker than 4 μm when the polySia was
removed (Fig. 6G). Staining for NCAM showed that polySia removal
did not affect NCAM expression (Fig. 6C vs. F: polySia (red) vs. NCAM
(green); where overlap occurs: yellow).
PolySia removal does not affect Schwann cell migration in vitro
Nerves of the peripheral nervous system are accompanied by
neural crest-derived Schwann cells that protect nerve ﬁbers and
augment nerve repair (Aquino et al., 2006). In this vein, several
nuclei were visualized along the neurons with DAPI staining
(Fig. 5A–D). We hypothesized that these cells were Schwann cells
which enwrapped the neurons. To determine if such cells migrate
along trigeminal axons, trigeminal ganglion explants were cul-
tured and double-stained for polySia as described above (red) and
Fig. 6. Removal of polySia inhibited axon fasciculation, but showed no effects on expression of NCAM. Trigeminal ganglion explants were cultured in presence and absence of
endoN in NGF-containing culture medium for 48 h. Explants were stained with antibodies for neurites (anti-β-tubulin), polySia (anti-polySia) and NCAM (anti-NCAM)
respectively. EndoN was able to remove polySia during the 48 h culture period (A vs. D). PolySia removal inhibited fasciculation, i.e., increased defasciculation/branching of
trigeminal axons (B vs. E). Over 67714% (n¼4) of fascicles were thicker than 4 μm under normal conditions (polySia present) and 39710% (n¼4) of fascicles were thicker
than 4 μm when the polySia was removed (n¼4). (G) NCAM was expressed on trigeminal neurites (C, NCAM-green, merged with red from polySia), even as presence of
endoN (F) prevented expression of polySia (green-NCAM, merged with absence of polySia-red).
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for Schwann cells using antibody for Schwann cell marker S-100
(green) (Fig. 7A and B). To assay the effect of polySia removal on
Schwann cell migration, trigeminal explants were cultured in the
presence of endoN and double-stained for polySia (red) and S-100-
positive Schwann cells (green) (Fig. 7C and D). The stainings show
Schwann cells migrated along the axons, and that polySia removal
did not affect Schwann cell migration from the ganglia (where the
nerve cell nuclei remain within their cell bodies).
Trigeminal axon growth on polySia substrate
To explore the possibility that polySia present in the embryonic
pericorneal and corneal tissues may affect trigeminal axon growth
cone decisions during cornea innervation, we sought to analyze
whether polySia substrates could inﬂuence trigeminal neurite
outgrowth in vitro. To achieve this, single trigeminal neurons were
cultured in the presence of NGF on laminin and a polySia substrate
(Fig. 8A and B). The polySia substrate was made with a mixture of
colominic acid (a polymer of sialic acid) and laminin, thus exclud-
ing the effect that would have been caused by an absence of
laminin. The polySia substrate on the surface of culture slides
resulted in a signiﬁcant inhibition of the neurite outgrowth
(Fig. 8C vs. D). Under normal conditions, 5771% (n¼4) of total
cells positive for neuronal β-tubulin grew neurites longer than
50 μm (Fig. 8E). However, when grown on a polySia substrate, the
growth percentage decreased to 1471% (n¼4) (Fig. 8E). The
majority of neurons grown on polySia surface were shorter than
150 μm, whereas over 85% of neurites on the control surface were
longer than 150 μm (Fig. 8F). In all, the polySia substrate signiﬁ-
cantly inhibited the outgrowth of neural crest-derived neural
growth cones.
Next, we sought to examine whether polySia can affect neuronal
growth cone guidance decisions. To present polySia only to growth
cones, not to the cell bodies, i.e., as growth cones would encounter
these varying substrates in the embryo normally in vivo, 3 mm
diameter polySia spots were made by adding a 2 mL drop of colominic
acid (polymer of sialic acid) solution onto a PDL-coated surface,
followed by laminin coating the remaining entire culture surface. The
polySia spot formed a sharp edge on the PDL-laminin surface
(Fig. 9A). Trigeminal explants were seeded on the laminin surface
adjacent to the polySia spot boundary to allow the outgrowing
neural growth cones to encounter the spot and then to reveal their
decisions about whether to migrate upon the polySia substrate or to
avoid it (Fig. 9A). Neurites derived from explants extended on both
polySia and laminin surfaces, but showed a much slower elongation
rate on the polySia surface (Fig. 9B vs. C). The average length of
neurites on the polySia surface was approximately half of that on the
laminin surface (Fig. 9F). Growth cones encountering a control water
spot did not show any change, compared with those on the laminin
surface (Fig. 9D). In addition to a slower rate of neurite elongation,
neurites traversing over the polySia substrate tended to fasciculate
tightly (arrows in Fig. 9E), whereas fasciculation was rarely observed
on neurites growing over laminin or traversing over a water spot. In
full, polySia substrate limits trigeminal neuronal outgrowth and
promotes trigeminal axon fasciculation.
Discussion
In the present study, we demonstrate the localization of polySia on
the surface of trigeminal sensory axons and along their innervation
pathway in limbal and corneal tissues. By examining the effects of
Fig. 7. Removal of polySia did not affect Schwann cell migration. Individual Schwann cells were detected (via S-100 expression-green and nuclei staining-blue) in equivalent
distributions both in the absence (A and B) and presence (C and D) of endoN. Schwann cell migration away from the explanted ganglion was not affected by presence of
endoN in the culture medium.
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removing polySia in vitro and in vivo using endoN, we reveal that
polySia is positively associated with fasciculation of trigeminal axons.
Corneal innervation occurs in a highly organized manner
(Lwigale, 2001; Clarke and Bee, 1996; Lwigale and Bronner-Fraser,
2007; Riley et al., 2001; Kubilus and Linsenmayer, 2009; Bee et al.,
1986; Schwend et al., 2012a,b; Bee 1982; Kubilus and Linsenmayer,
2010). The trigeminal nerve fascicles reach the ventrotemporal
pericorneal mesenchyme by E5. Then, while the main axonal nerve
trunks remain deep in posterior limbal mesenchyme, their growth
cones extend dorsally and ventrally around the corneal periphery to
form a complete pericorneal nerve ring by E9. Beginning at E9, nerve
ﬁbers then extend in tight bundles/fascicles from along all radii of
the nerve ring through limbal mesenchyme without branching and
project into corneal stroma. Once nerve ﬁbers invade the corneal
stroma, they begin to defasciculate as they advance anteriorly
towards the epithelium. By E11, nerve growth cones have progressed
through the anterior stoma and begun to penetrate Bowman's Layer
and the epithelial basement membrane. Several neuroguidance
proteins, including Slits and Semaphorin3A, are reported to repel
the nerves from entering the cornea during nerve ring formation
(Lwigale and Bronner-Fraser, 2007; Schwend et al., 2012a,b; Kubilus
and Linsenmayer, 2010). We recently reported that sulfated GAGs
Fig. 8. Individual trigeminal neurons grown on a laminin surface (A and C) and on a polySia substrate (B and D). Culture chamber slides were ﬁrst coated with PDL. Laminin
or a mixture of laminin and colominic acid in water was further applied to the surface and allowed to adsorb to the surface to support the growth of neurites and to assay the
effect of polySia on their growth. Trigeminal cells were cultured for 18 h in NGF-containing culture medium. The neurites were ﬁxed and visualized using ﬂuorescent
immunostaining for neuron-speciﬁc class III β-tubulin (C and D). The lengths of 200 neurites from three independent experiments were measured and only neurites longer
than 50 μmwere counted. The survival rates on laminin and polySia substrates were determined by the percentage of neurites out of total trigeminal cells immunoreactive to
Tuj1 antibody for β-tubulin (E). Neurite length distributions are shown in (F). Fifty seven percent of neural cells (positive to β-tubulin) grew neurites on the laminin substrate,
but only 1471% (n¼4) of neural cells grew neurites on the laminin-polySia substrate (E). The majority of neurites on the control laminin surface were longer than 150 μm,
whereas over 80% of neurites on laminin-polySia surface were shorter than 150 μm (F). Error bars indicate SD for over 200 neurites scored in three independent experiments.
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affect the trigeminal nerve growth cone behavior in vitro and may
direct the movement and fasciculation of growth cones innervating
the cornea (Schwend et al., 2012a,b). In the present study, we
revealed that polySia was localized to the trigeminal ganglia
(Fig. 1), consistent with our previous report that trigeminal nerves
express polySia. We also found polySia expression in the pericorneal
limbus mesenchyme, where trigeminal sensory nerve growth cones
reside from E6–E8 prior to entering the cornea at E9 (Fig. 2). At later
developmental stages, E11–E14, when the sensory nerves in the
cornea start branching/defasciculating, penetrating Bowman's Layer
and spreading in the epithelial layer, polySia expression in the
cornea was strikingly diminished (Fig. 2). This developmentally
regulated distribution of polySia in corneal and pericorneal tissues
strongly suggests that polySia may be involved in cornea innerva-
tion, especially expressed in association with regions where axons
are fasciculated into bundles (Fig. 3). This hypothesis was supported
by noting the effects of polySia removal in vivo. Removal of polySia in
E7, E9 and E10 corneas by endoN injection in vivo led to a
disorganization of the pericorneal nerve ring characterized by
decreased fasciculation (Fig. 4). Removal of polySia did not signiﬁ-
cantly delay the axon in-growth into the cornea.
Experiments were conducted further in vitro to determine more
speciﬁcally how polySia affects trigeminal neurite outgrowth and
guidance decisions. Laminin is a major component in epithelial
basement membranes to support corneal sensory axon growth and
branching and was selected as the culture substrate (Stepp, 2006;
Meier and Drake, 1984; Barge et al., 1991). Moderate adhesiveness is
one essential factor in axon growth. Extremely weak or strong
interactions between axons and their surrounding microenviron-
ment could limit the axon growth (Zhang et al., 1992). PolySia could
either limit or increase axon growth by regulating the interaction
between axons and their surrounding microenvironment (Zhou and
Zhou,1996; Acheson et al., 1991; Doherty et al., 1990; Hrynkow et al.,
1998; Seidenfaden et al., 2006; Zhang et al., 1992; Burgess et al.,
2007; Aoki et al., 1999; Masand et al., 2012; Monnier et al., 2001).
In the case of the polySia on trigeminal cell bodies and neurites, its
removal caused a moderate decrease of both neuronal cell survival
rate and neurite growth (Fig. 5 I and J). The Western blot analysis of
trigeminal ganglion showed a band at 250 kDa for both polySia and
NCAM (Fig. 1). Only a limited number of proteins have previously
been shown to carry polySia, including NCAM, synaptic cell adhesion
molecule (SyCAM), Neuropilin-2, CD 36 in human milk, ﬁsh egg
polysialoglycoprotein, a voltage-gated sodium channel of eel, and
ﬂagellasialin (Rollenhagen et al., 2007; Curreli et al., 2007; Yabe
et al., 2003; Sato et al., 1993; James and Agnew 1989; Miyata et al.,
2006; Kitajima et al., 1988; Iwasaki et al., 1990). According to the
Western blot result, the bands at 250 kDa therefore are most likely
to be the form of NCAM, rather than those of any other known
polysialylated protein. However, the possibility of the decreased
survival rate and elongation rate being caused by de-polysialylated
NCAM or by other, as yet unidentiﬁed de-polysialyated proteins
rather than by the simple absence of the highly negatively charged
moiety of polySia, remains to be tested by future studies.
PolySia is also localized in corneal and pericorneal regions other
than on the corneal nerve surface (Fig. 2). In the present study, we
showed that trigeminal nerve growth cones could migrate on a
polySia substrate, but their neurites grew at a much slower rate
compared with their growth on a laminin surface (Figs. 8 and 9). It
may be explained that neurites interact more weakly with the
polySia substrate than with laminin, thus decreasing neurite adhe-
sion to the substrate and limiting the axon outgrowth. The polySia
removal showed no signiﬁcant effect on axon growth in vivo, which
may be attributed to the co-effects of the polySia associated with
neuronal surfaces and the polySia in their targeting environments.
Axon fasciculation involves the competition between axon–
axon and axon–environment/substrate interactions. PolySia asso-
ciated with neurites can regulate their interactions with the
environment. Meanwhile, it can also regulate interactions between
Fig. 9. Growth behavior of trigeminal explants on polySia substrate. PolySia spots were made by depositing drops of colominic acid on the PDL-coated slide surface. The
edges of such spots are indicated with dotted lines in the following ﬁgures. Laminin coated the remaining areas of the surface (A). Immobilization of polySia spots was
conﬁrmed by immunostaining with anti-polySia antibody (A). Trigeminal explants were aligned along the edge of the spots (A). A spot coated with water served as a control
(B). Neurites extended from all edges of the explants and migrated over the water spot, in the same manner as they migrated from the other regions of the explants not
bordering a water spot (B). Neurites extended onto polySia coated-spots but showed an inhibited pattern of axon migration, compared with migration from the same ganglia
on regions not coated with polySia (C). The neurites tended to fasciculate when migration occurred on polySia spots. Comparison of enlarged images of the neurites on a
water spot (D) vs. those on a polySia spot (E) indicates the inhibition of neurite outgrowth and the enhanced neurite fasciculation on a polySia spot. Lengths of neurites on
water spots, on control laminin surfaces and on polySia spots were measured, as shown in (F). The neurites on water spots and on control laminin surfaces show similar
degrees of outgrowth. Neurites only migrated one-half as far on polySia spots as on water spots or on control laminin surfaces.
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neurites themselves, and thus regulate fasciculation and branching
by inﬂuencing the balance of axon–axon and axon–environment/
substrate interactions. Based on this, we hypothesized that polySia
removal would result in a stronger interaction between axon and
laminin surfaces, causing defasciculation of the axons (Fig. 6). Ner-
ves growing on a polySia substrate tended to fasciculate (Fig. 9).
As discussed above, axon adhesion to the polySia substrate is weaker
than that to the laminin substrate, resulting in a relatively stronger
axon–axon adhesion that facilitates fasciculation of the axons.
During early developmental stages, polySia is localized in the limbus
and anterior stroma where axon growth can be characterized as
being highly fasciculated to form a nerve ring (Lwigale and Bronner-
Fraser, 2007; Schwend et al., 2012a,b; Bee 1982; Kubilus and
Linsenmayer 2010; Conrad et al., 2008). These data indicate that
polySia in the pericorneal limbus is required to foster axon–axon
interactions that form the highly bundled nerve ring around the
cornea, as well as the nerve fascicles derived from that ring that
approach the stroma during the early embryonic developmental
stages (Fig. 4). Thereafter, in the environment of the anterior stroma,
those invading fascicles quickly dissociate into ﬁner and ﬁner arrays
of individual nerve ﬁbers, lacking fasciculation, consistent with the
lack of polySia in that environment.
Peripheral nerve axons are enwrapped with Schwann cells,
which form a myelin sheath (Woodhoo and Sommer, 2008). The
presence of Schwann cells has been conﬁrmed previously in chick
embryonic corneas (Conrad et al., 2009). The present analysis
indicates that polySia is present only on the surface of trigeminal
sensory axons, but not on Schwann cells (Fig. 7). Moreover, the
polySia that is normally associated with the surface of trigeminal
neurites is not necessary for Schwann cell migration.
In conclusion, polySia is present on the corneal sensory nerves
and in some of their innervation targets during the early stages of
cornea innervation. It may be involved in regulating the interactions
of axon–axon and axon–environment and thus affect the axon
fasciculation and outgrowth in vitro and in vivo. PolySia, prominently
present in the pericorneal limbus, is experimentally shown here to
promote the fasciculation of trigeminal neurons. Conversely, polySia
is present in much lower concentrations in the anterior corneal
stroma, conditions which are shown here experimentally to pro-
mote the defasciculation/branching of those neurons, consistent
with that neuronal behavior during normal ingrowth of sensory
corneal nerve growth cones into the anterior corneal stroma.
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